ABSTRACT Previous studies have shown a marked effect of very high levels of copper on red cell glucose-6-phosphate dehydrogenase and glutathione. When the effect of more nearly physiological levels of copper were studied, red cell hexokinase, phosphofructokinase, phosphoglyceric kinase, pyruvate kinase, and 6-phosphogluconate dehydrogenase were found to be inhibited.
INTRODUCTION
In some patients with Wilson's disease periodic increases in circulating, nonceruloplasmin-bound, copper occur. This results in features of acute copper intoxication, including hemolytic anemia (1) . For this reason the hemolytic process induced by copper has been the subject of many recent studies (2) (3) (4) (5) (6) (7) (8) . Interest has been focused primarily on glutathione and glucose-6-phosphate dehydrogenase (G-6-PD) ,' which have been shown to be affected by high levels of copper (3) (4) (5) (6) (7) . Since the levels of copper which have been shown to affect G-6-PD and glutathione are greatly in excess of the concentrations encountered in Wilson's disease, we have now studied the effect of much smaller increases in copper levels on red cell glycolvtic enzymes.
METHODS
The effect of copper on red blood cell enzymes was studied in hemolysates and in whole blood. The final copper conDr. Boulard's present address is Charge de recherches I. N. S. E. R. M., Laboratoire des isotopes, Hospital St. Louis, Paris 10', France.
Received for publication 7 October 1971 and in revised form 22 November 1971. 1Abbreviations used in this paper: G-6-PD, glucose-6-phosphate dehydrogenase; GSH, reduced glutathione; HK, hexokinase; PFK, phosphofructokinase; 6-PGD, 6-phosphogluconate dehydrogenase; PGK, phosphoglyceric kinase; PK, pyruvate kinase. centrations used in all the experiments were 15 ,^m, 50 CLm, and 100 gM. Copper sulfate was used as the source of Cu', and the possible effect of the sulfate ion on the enzymes studied was controlled by using sodium sulfate at the same concentrations. Blood samples from normal donors were collected in acid citrate dextrose solution formula A (9). Enzyme assays were carried out in 1 ml assay systems according to previously described methods (9) , except that all hemolysates were prepared in water instead of the EDTA-,B-mercaptoethanol-NADP-stabilizing solution.
In the first group of assays copper was added to the cuvettes containing the incomplete reaction mixture including the hemolysates. The reaction was started after the specified incubation period (9) by adding the substrate of the enzyme. Assays were also carried out with the addition of a final concentration 400 uM EDTA before the reaction was started. Additional blanks with copper were assayed in order to correct for any change in the reaction mixture absorbance due to the presence of copper.
In experiments with intact cells, normal whole blood samples were incubated for 2 hr at 37'C with copper sulfate at final concentrations of 15, 50, and 100 AM. The red blood cells were washed three times in cold 0.145 M NaCl solution and enzyme assays were performed on the water hemolysates. Assays were also carried out on hemolysates dialysed for 18 hr against 80 /M NaCl or 20 gM EDTA solutions. Finally, the copper-incubated samples were also assayed for enzyme activities after addition of 400 jM EDTA.
All experiments were carried out in Gilford (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) mMoel 2000 or model 2400 recording spectrophotometers.
RESULTS
The following red cell enzymes were assayed for copper sensitivity: hexokinase, glucosephosphate isomerase, phosphofructokinase, aldolase, triosephosphate isomerase, glyceraldehydephosphate dehydrogenase, phosphoglyceric kinase, phosphoglyceromutase, enolase, pyruvate kinase, lactic dehydrogenase, glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and glutathione reductase.
Assays carried out on normal control water hemolysates without copper provided results in good agreement with those previously obtained using stabilizing solution (9 tokinase (PFK), phosphoglyceric kinase (PGK), pyruvate kinase (PK), and 6-phosphogluconate dehydrogenase (6-PGD) ( Table I) .
Addition of 400 /AM EDTA after incubation with copper restored the activities of all of the coppersensitive enzymes to normal. Table I shows that HK is most sensitive to inhibition by copper; no activity remained even after addition of the lowest concentration of copper. 6-PGD was also strongly inhibited and had no activity at a copper concentration of 100 /hM. The activities of PFK and PK were also severely affected whereas PGK was less inhibited. The results of enzyme assays performed after incubation of intact cells with copper are similar to those obtained through experiments in which copper was added to hemolysates (Table II) . However, HK which has no activity when copper is added to the cuvette is less inhibited after incubation of red cells with copper. The effect of copper was not reversed after 18 hr dialysis of hemolysates from incubated cells, whether dialysis was carried out against 80 ,uM NaCl, or 20 ,uM EDTA. The copper inhibition was relieved only when EDTA was added directly to the reaction at a final concentration of 400,M.
The inhibition of the described enzymes cannot be attributed to the sulfate ion. Only G-6-PD was sensitive to sulfate in the concentration of 5 mm. DIS CUS SION In some patients with Wilson's disease, increases of serum copper levels are associated with a decrease of plasma ceruloplasmin levels to below normal levels. Under these circumstances most of the serum copper is not bound to ceruloplasmin, and may well be the toxic agent which leads to hemolytic anemia. In the present study, the levels of copper added to plasma are similar to those encountered in Wilson's disease, but well below the concentrations which have been used by other Values expressed as international units per gram hemoglobin (9) .
investigators to demonstrate inhibition of G-6-PD in lowering of red cell GSH levels (3) (4) (5) (6) (7) . At the more nearly physiologic levels of copper which we have investigated, we did not find more than 30% inhibition of G-6-PD. Thus, it is unlikely that it is the effect of copper on this enzyme which is responsible for the hemolytic anemia which occurs in Wilson's disease. It should be pointed out, furthermore, that the use of a 6-PGD-linked assay system for G-6-PD estimations leads to exaggerated impression of the degree of inhibition of G-6-PD, since 6-PGD is much more sensitive to copper inhibition than is G-6-PD. It seems quite possible that inhibition of other red cell enzymes by copper may be of real physiologic significance in limiting the metabolic capacity of the red cell. In this regard, the great sensitivity of hexokinase to inhibition by copper may be of considerable significance. Already one of the rate-limiting enzymes in glycolysis, inhibition of HK would result in severe impairment of red cell function and might well cause in vivo hemolysis. It is quite conceivable that so-called acquired enzymatic defects of the red cell (10) (11) (12) 
